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In this work the reactions thermal coupling approach was applied for the joint reduction of Cu
and Ni from the mixture of copper (I) oxide waste and nickel (II) oxide in the combustion mode,
targeting the preparation of Cu+Ni composite powders and Cu-Ni alloys in a single step. The
experiments for reduction of both the metals in the combustion wave were implemented in the
presence of ammonium nitrate (Nt) without introducing any additional reducing agent. To achieve
complete reduction of metals, combustion laws in the Cu,O(oily waste)-NiO-Nt system by using
copper oxide (I) waste with different content of oil and at different ratios of metal oxides in the initial
mixture were investigated. Optimal conditions for obtaining Cu+Ni composite powders and Cu-Ni
alloys from copper waste and NiO powder depending on the content of oil and ammonium nitrate
were determined.

Figs. 8, references 19.

Introduction

Alloys based on copper and nickel are distinguished by excellent
mechanical properties, corrosion resistance, technological effectiveness and
special electrical properties, which lead to their widespread use in different
technologies. Copper-nickel alloys are used in the electrical engineering,
shipbuilding, aviation and space industry, in the production of nuclear reactors,
medical equipment, dishes, devices with shape memory, for special coatings, as
well as catalysts for the hydrogenation of various organic compounds, for deep
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oxidation of CO and various hydrocarbons, dry reforming of methane with
carbon dioxide, etc. [1,2].

In the wiring industry at production of copper wires and cables about 0.6-
0.7 wt.% of copper is converted into waste representing mainly copper (1) oxide
[3]. Therewith, on all stages of rolling for decreasing the friction forces of
moving details, as well as preventing deep oxidation of the metal, hydrocarbon-
based mineral oils are used as lubricants. Utilization of such wastes requires
reliable methods for their reprocessing back into copper [4-5].

One of the ways for utilization of the oily copper wastes is to remove the oil
with a suitable organic solvent and then reduce the oil-free waste to metallic
copper. For this purpose, one can use both traditional furnace methods using
carbon or hydrogen as a reducing agent [1,6,7] and the method of self-
propagating high-temperature synthesis (SHS) [8,9] using a combined reducing
agent: polystyrene [10-12].

The possibility of copper (II) oxide reduction under the combustion mode
has been shown for the first time in [10] by using combined organic reducers:
polystyrene (PS), polyethylene (PE), urotropin, etc. Then this approach was
developed in [11-15] and extended for reduction of other oxides (Cu,O, NiO,
Co0, Cos0,) and oxygenous salts (Ni,(OH),COs, Cu,(OH),CO;, C0SQ,), as
well as for joint reduction of CuO with Cu,0, CuO with NiO, NiO with Co30,
to produce metal powders and alloys. In these cases, for which the reduction by
polystyrene are weak exothermic reactions, it becomes necessary to use a high-
caloric additive, containing polystyrene and a strong oxidizer — NH;NO;
(hereinafter Nt) and apply the coupling of low-caloric MeO+PS and high-caloric
PS+Nt reactions approach in the combustion mode [16,17].

In the work [18] copper (I) oxide waste reduction was studied after
preliminary removing the oil, which is a labor-intensive and expensive
procedure. It was shown that complete reduction of copper from copper (1)
oxide waste in the combustion mode is possible by using the PS+Nt mixture.
Recently the complete reduction of copper from oily copper waste in the
combustion mode was performed without preliminary cleaning stage adding
only ammonium nitrate to the initial mixture. It was supposed that due to its
hydrocarbonic nature, the oil could serve as a combined reducer instead of
polystyrene for reduction of copper (1) oxide [19].

In this work the reactions’ thermal coupling approach was applied for the
joint reduction of copper (I) oxide waste and nickel oxide in the combustion
mode targeting the preparation of composite powders and Cu-Ni alloys in a
single step. To achieve this aim, combustion laws in the Cu,O(oily waste)-NiO-
Nt system by using the copper oxide (1) waste with different content of oil and
at different ratios of metal oxides in the initial mixture were investigated. In this
case, as well as at reduction of oily copper (I) oxide waste [19] the proposed
approach intends to take the advantage of the hydrocarbonic nature of the oil
and utilize it as a combined reducer for the joint reduction of copper and nickel
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oxides. For increasing the exothermic effect of low caloric Cu,0+C.H,, and
NiO+C,H,, reactions and performing joint reduction of both the oxides to
metallic Cu and Ni in combustion mode, the reactions’ thermal coupling
approach was applied.

Determination of optimal conditions of the process was based on the results
of preliminary thermodynamic calculations for the system under study. Note
that at certain ratio of the reagents the adiabatic temperature for PS + Nt reaction
reaches 2000°C. Close values of T, were attained at using other hydrocarbons
instead of PS, including the above mentioned mineral oils. In the case of Cu,0O—
NiO-C,H,,-Nt system the adiabatic temperature for the combined combustion-
reduction process is within the range of 700-1200°C, which is sufficient for self-
sustained reduction of copper and nickel oxides.

Materials and methods

The copper-containing oily waste of wiring industry used in this work
represents mainly copper (I) oxide with small amount of metallic copper and
comprises plate-like particles with linear size up to 1.6 mm (particles with linear
size less than 0.4 mm account for about 90 wt.%) and thickness up to 0.25 mm.
The composition of the initial copper waste was examined by XRD analysis
(Fig. 1a) and particle size distribution was determined by sieve analysis (Fig.
1b). The content of mineral oil (a mixture of various unsaturated and saturated
aliphatic and aromatic hydrocarbons, hereinafter C.H,,) in the copper waste
determined by the mass loss after diethyl ether treatment typically was up to
5 wt.%, and for special cases reached up to 15 wt.%. The content of carbon and
hydrogen in the oil were approximately 85 and 15 wt.%, respectively.
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Fig. 1. XRD pattern (a) and histogram (b) of the inital copper (I) oxide waste.
Copper waste with particle size less than 1.6 mm, containing different

amounts of oil (11 and 15 wt.%), nickel oxide powder (Pure grade, Russia) with
particle size less than 0.1 mm (<0.05 mm - ~95 wt.%) and granulated ammonium
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nitrate with granule size less than 3 mm (mark B, high grade, GOST 2-85,
Russia) were used as the initial reagents (Fig. 2).

In experiments cylindrical pellets 20 mm in diameter and 45-50 mm height
with 2.0+2.5 g-cm™ density (relative density: A=0.3+0.5) were prepared from
initial mixtures: [Cu,O + m(oil)] + yNiO + x(Nt). Main variables in combustion
experiments were x (moles), y (moles) and m (wt.%) values. The prepared
samples were placed in a reaction chamber CPR-2.5 L. The reactor was sealed,
evacuated, purged with nitrogen (purity 99.97 %, oxygen content less than
0.02%) and filled to the desired pressure (typically 0.5 MPa). The combustion
process was initiated with short heating of tungsten spiral (18 V, 2 s) from the
upper surface of the sample. Combustion temperature (T.) and combustion
velocity (U;) were measured by two K-type chromel-alumel thermocouples
(with 0.2 mm in diameter) covered with a thin layer of boron nitride. The
thermocouples were placed into the sample with depth of 10 mm, and 15-20 mm
distance from each other. The standard errors of measurement for T, and U,
were £ 10°C and 5%, respectively. The output signals of thermocouples were
transformed by a multichannel acquisition system and recorded by a computer
with frequency up to 1 KHz. After cooling, the reacted samples were extracted
from the reactor and crushed into a powder. Final products were examined by
XRD analysis with monochromatic CuK, radiation, wavelength 1.54056 A
(diffractometer DRON-3.0, Burevestnik, Russia) operated at 25 kV and 10 mA.
To identify the products from the XRD spectra, the data were processed using
the JCPDS database. The microstructure of powders was examined by scanning
electron microscopes BS-300 and CamScan MV2300. Carbon content in the
final product and in oil was determined using Leco SC-444 carbon/sulfur
analyzer.

Results and discussion

Combustion laws of the Cu,O(oily waste) + yNiO + xXNH4NO; mixtures

Combustion experiments for the [Cu,O + m (0il)] + yNiO + x(Nt) mixtures
were carried out in a wide range of the parameter x (0<x<1.2) for copper waste
with different contents of oil (m) and different ratios of metal oxides (y) in the
initial mixture. The dependences of the combustion temperature and velocity, as
well as mass loss of the samples versus parameters x, m and y were obtained,
the chemical and phase compositions of the combustion products were
determined. The reduction degree of the metals from oxides was primarily
estimated from mass loss of the samples after combustion.

The choice of specific values and ranges of the parameters m and y was
carried out on the basis of the data of combustion diagram for the [Cu,O -
m(oil)] - x(Nt) system in the coordinates m(oil) - x (Nt) [10]. For experimental
studies, two batches of waste with an oil content of m = 11, 15 wt.% and two
compositions with a nickel oxide content of: y = 1 and 2 mol were selected. For
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Cu,0 waste

Fig. 2. Photos/micrograph of the inital copper (1) oxide oily waste, nickel oxide and ammonium
nitrate.



each case the effect of the content of ammonium nitrate on the combustion laws,
phase and chemical composition of the combustion products was studied.

Combustion laws of the [Cu,0+11 wt.% (0il)] + yNiO + x(Nt) mixtures

The experimental results obtained for the [Cu,O+11% (0il)]+NiO+x(Nt)
and [Cu,0+11%(0il)]+2NiO+x(Nt) mixtures at varying the parameter X in the
intervals 0<x<0.9 and 0<x<1.2, respectively, are presented in Figures 3 and 4.
As can be seen from Fig. 3a, at x = 0.2, a lower combustion limit is observed for
the ammonium nitrate content in the initial mixture y=1. In the case of y=2 (Fig.
3b) a noticeable shift in the lower combustion limit (x=0.25) is observed
towards high values of the parameter x. Figure 3 also shows that in both cases,
an increase in the parameter x leads to an increase in both the combustion
temperature and velocity, as well as the loss in sample mass (Am), which is
associated with increasing the share of the strong exothermic reaction
(C,Hn+Nt) in the total process.

It should be noted that in the studied intervals of the parameter x, namely at
0.25<x<0.9 and 0.35<x<1.2 increase in the combustion parameters (T, and U)
shows a tendency to saturation. Figure 3a, b compares also the calculated mass
loss data for complete joint reduction of metals (Cu, Ni) from a mixture of the
corresponding oxides (solid curve) with experimental values (points) for
different x values. The mismatch between the calculated and experimental
values in the mass loss indicates to incompleteness of metal reduction and the
presence of unreacted oxides of one or both metals in the final products.
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Fig. 3. Combustion temperature (Tc), velocity (U;) and mass loss (Am) vs. x value for the
[Cu,0O-11wt.%(0il)]-NiO-x(Nt) (a) and [Cu,O-11wt.%(0il)]-2NiO-x(Nt) (b) systems.

According to the results of XRD analysis, for both the systems under
consideration, in the whole range of x parameter variation, complete reduction
of the metals does not take place. Combustion products, except the reduced
metals, contain also the oxides of corresponding metals, mainly NiO (Fig. 4).
Note, that formation of monophase Cu-0.5Ni alloy (containing 32 wt.% Ni) and
Cu-Ni alloy (containing 48 wt.% Ni) even at relatively high combustion
temperatures has not been observed for lack of sufficient amount of the reducing
agent (oil). Carbon content in the combustion products was measured to be 0.07-
0.20 wt.%, at that low content of carbon was observed at higher amount of Nt.
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Fig. 4. XRD patterns of the combustion products for the [Cu,0-11 wt.%(0il)]-NiO-x(Nt) (a) and
[Cu,0-11wt.%(0il)]-2NiO-x(Nt) (b) systems at different x values.

Thus, full joint reduction of both the metals and formation of Cu-Ni
composite powders and alloys under the combustion mode by using copper
waste with 11 wt.% of the oil content was not observed. Copper waste
containing 11 wt.% of oil can be used only for obtaining Cu-Ni alloys with less
than 32 wt.% of Ni. So for the SHS processing of the copper waste to Cu-0.5Ni
and Cu-Ni alloys it is necessary to use copper waste with higher (more than 11
wt.%) content of oil.

Combustion laws of the [Cu,0+15 wt.% (0il)]+yNiO+x(Nt) mixtures

In Figures 5 and 6 the results for combustion of the [Cu,O-15wt.%(oil)]-
yNiO-x(Nt) system at y=1 and 2 are presented. In this case lower combustion
limit is observed at the same values (x=0.2 and x=0.25) as for the copper waste
with 11 wt.% content of oil. It is obvious that increase in the parameter x in the
intervals of 0.2<x<0.9 (Fig. 5a) and 0.25<x<1.2 (Fig. 5b) leads to the increase in
both the combustion temperature and velocity, as well as in the mass loss of the
samples (Am), which is associated with an increase in the portion of the strong
exothermic reaction (C,H,, + Nt) in the total process similar to the case of using
copper waste with 11 wt.% content of oil. Thus, combustion in the mentioned
system leads to complete reduction of both the metals and formation of solid
solutions or alloys of the reduced metals.
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Fig. 5. Combustion temperature (T¢), velocity (Us) and mass loss (Am) vs. x for the [Cu,O-
15wt.%(0il)]-NiO-x(Nt) (a) and [Cu,0O-15wt.%(0il)]-2NiO-x(Nt) (b) systems.
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Fig. 6. XRD patterns of the combustion products for the [Cu,0O-15wt.%(0il)]-NiO-x(Nt) (a) and
[Cu,0O-15wt.%(0il)]-2NiO-x(Nt) (b) systems at different x values.

According to the results of XRD analysis, in the case of the [Cu,O-
15wt.%(0il)]-NiO-x(Nt) system complete reduction of both the metals takes
place with formation of a monophase product at x>0.55, representing Cu-0.5Ni
alloy that contains 32 wt.% of Ni (Fig. 6a). Full reduction of the metals and
formation of solid solution (Cu-0.5Ni alloy) is due to sufficient amount of the
reducing agent (oil) and relatively high combustion temperatures ensuring the
formation of reduced copper in the molten state that follows from the pictures
shown in Fig. 7.

In the case of the [Cu,O-15wt.%(0il)]-2NiO-x(Nt) system complete
reduction of the metals is observed within the interval 0.55<x<0.9 yielding a
monophase Cu-Ni alloy that contains 48 wt.% of Ni at x=0.9. At x>0.9 due to an
excess of the oxidizing agent, among the combustion products unreduced oxides
remain too (Fig. 6b). Incompleteness of the reduction of metals is expressed also
by the difference in the calculated (curve) and experimental (points) values of
the mass loss (Fig. 5b).

Fig. 7. Micrographs of fractures of the combustion product for the [Cu,O+15wt.%
(oil)]+NiO+0.75(Nt) mixture.

Thus, the results obtained demonstrated the possibility of complete
reduction of both the metals and formation of Cu-0.5Ni and Cu-Ni composite
powders or alloys under the combustion mode at using copper (I) oxide oily
waste with 15 wt.% content of oil. Optimum conditions for obtaining Cu-0.5Ni
and Cu-Ni alloys containing 32 and 48 wt.% Ni respectively were found out.
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According to the selected optimum conditions, Cu-0.5Ni alloy was
synthesized using copper oily waste with particle size less thanl.6 mm. The
synthesis was carried out in the tubular SHS-3L reactor with the charge
composition [Cu,0+15wt.% (0il)]+NiO+0.75(Nt) and mass m=300 g.

5 - Cu-Ni

20 30 40 50 70 80

60
20, degree

Fig. 8. XRD pattern of the final product synthesized in tubular SHS-3L reactor using 300 g of
the initial [Cu,O+15wt.% (0il)]+NiO+0.75(Nt) mixture.

Characterization of the obtained Cu-0.5Ni alloy was performed by XRD,
SEM (Figs. 7, 8) and chemical analysis of free carbon. It should be noted, that at
optimal conditions complete reduction of copper (1) oxide and nickel (I1) oxide
takes place with formation of a copper-nickel alloy and the combustion product
represents a single-phase Cu-0.5Ni alloy with 0.15 wt.% of free carbon.
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T'OPEHHUE B CUCTEME OTXO/bl OKCUJA MEJIH (I)-NiO-NH,;NO;
N CUHTE3 CIIVTABOB Cu-Ni
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B pabote mprMeHeH METO ] TEPMUUECKOTO COTPSDKEHUS Peakiuil it COBMECTHOTO
BOCCTaHOBJICHHS MEIM M HUKEJIS M3 CMECH OTXOJa okcuaa Meau u okcuzaa Hukens (1) B
PEKUME TOPEHHUSI C IO OJHOCTAAUNHHOTO MOJYyYEHHS KOMIIO3UTHBIX ITOPOIIKOB
Cu+Ni u crutaBoB Cu-Ni. DKCIepUMEHTBI 10 BOCCTAHOBJICHUIO METAILIOB B BOJIHE rOpe-
HUsI OCYIIECTBISUTUCH B IPUCYTCTBHK HUTpara amMmoHus (Nt) 6e3 BBeeHHs KaKoro-jiu-
00 IOIOJIHUTEIBLHOIO BOCCTAHOBUTEISA. I JMOCTIIKCHHS IOJHOTHI BOCCTAHOBJICHHUS
OBLTH HCCIIEI0BAHbI 3aKOHOMEPHOCTH ropenust B cucteme (orxoapl Cu,O-NiO-Nt) ¢ uc-
MOJIb30BaHUEM OTX0M0B okcuaa Meau (l) ¢ pasnuuHbIM CoJepKaHHEM MHHEPATLHOTO
Macia U pa3IudHbIM COOTHOILICHHEM OKCHIOB METAJLIOB B HCXOHOM cMecu. Onpenene-
HBI ONITUMAJIBHBIC YCIIOBUS TOJyYCHUS] KOMITO3HUIIMOHHBIX opoinkoB Cu+Ni u crnaBoB
Cu-Ni u3 orxomoB okcuna menu (1) u nopomka NiO B 3aBHCHMOCTH OT COAEPKAHUS
Maciia ¥ HUTpaTta aMMOHHS.
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